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Abstract 

The  irreversible  capacity  loss  (ICL)  that  is  observed  with  carbons  in  Li-ion  batteries  is  associated  with  electrolyte  decomposition.  In  this 
paper,  we  present  the  results  of  an  analysis  to  illustrate  the  role  that  the  edge  and  basal  plane  sites  play  on  the  ICL  and  first-cycle  coulomb 
efficiency  of  flake-like  natural  graphite.  A  model  of  an  ideal  graphite  particle,  which  is  depicted  as  an  ideal  prismatic  structure,  is  used  to 
develop  an  understanding  of  the  correlation  of  the  fraction  of  edge  sites  and  particle  size  for  flake-like  and  cube  structures.  In  the  case  of 
flake-like  graphite,  thin  flakes  have  higher  surface  area  and  higher  ICL  than  thicker  flakes,  even  though  the  fraction  of  edge  sites  is  lower. 
On  the  other  hand,  the  cube  structure  has  a  high  fraction  of  edge  sites  but  a  low  ICL  and  low  surface  area.  The  analysis  presented  here 
suggests  that  the  particle  morphology  and  the  surface  area  associated  with  the  edge  and  basal  plane  sites  play  a  significant  role  in  the 
electrochemical  performance  of  graphite  in  Li-ion  batteries.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Carbon  powders  used  in  the  negative  electrodes  of  Li-ion 
batteries  are  available  in  a  variety  of  particle  morphologies, 
for  example,  flake-like  (i.e.  natural  graphite),  spherical  (i.e. 
mesocarbon  microbeads)  and  cylindrical  (i.e.  carbon  fibers). 
Besides  the  particle  morphology,  other  physicochemical 
properties  of  these  carbons  play  a  significant  role  in  their 
electrochemical  performance  in  Li-ion  batteries.  For 
instance,  the  degree  of  graphitization,  particle  size,  surface 
area,  relative  surface  fraction  of  edge  and  basal  plane  sites, 
microcavities,  etc.  affect  the  rate  of  intercalation/deinterca¬ 
lation,  reversible  capacity  and  the  magnitude  of  the  irrever¬ 
sible  capacity  loss  (ICL). 

One  of  the  significant  relationships  observed  by  numerous 
researchers  is  that  the  ICL  increases  with  an  increase  in 
the  surface  area  of  the  carbon  in  the  negative  electrode  [1-9]. 
This  finding  suggests  that  both  the  basal  plane  sites  and 
edge  sites  on  the  carbon  surface  are  effective  sites  for 
electrolyte  decomposition.  However,  evidence  is  emerging 
that  the  catalytic  activity  of  the  carbon  atoms  at  the  basal  and 
edge  sites  is  different  in  their  reactivity  for  electrolyte 
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decomposition  and  the  ICL  [6-1 1  ].  These  studies  concluded 
that  the  edge  sites  are  the  more  active  (catalytic)  sites  for 
electrolyte  decomposition.  BarTow  et  al.  [10]  reported  that 
the  mechanism  of  electrolyte  decomposition  was  different 
on  the  basal  and  edge  sites  in  an  electrolyte  consisting  of 
LiAsFg  in  ethylene  carbonate  (EC)-diethyl  carbonate 
(DEC).  The  SEI  layer  formed  on  the  edge  sites  is  rich  in 
inorganic  compounds,  whereas  the  SEI  layer  formed  on  the 
basal  plane  is  rich  in  organic  compounds.  On  the  other  hand, 
Yamamoto  et  al.  [11]  reported  that  no  electrochemical 
reaction  involving  electrolyte  decomposition  occurred  on 
the  basal  plane. 

We  have  recently  initiated  studies  to  analyze  the  role  of 
the  edge  and  basal  plane  sites  on  the  magnitude  of  the  ICL  on 
natural  graphites  for  Li-ion  batteries.  The  aim  of  this  effort  is 
to  develop  a  better  understanding  of  the  contribution  of  these 
two  distinct  surface  sites  on  graphite  to  the  ICL.  To  conduct 
this  investigation,  graphite  particles  that  consist  solely  of 
edge  and  basal  plane  surface  sites  is  desired.  Unfortunately, 
this  ideal  structure  is  not  available.  As  an  alternative,  flake¬ 
like  graphite  powders  of  varying  average  sizes  were  used  to 
simulate  the  ideal  graphite  structure.  In  this  paper,  we 
present  the  results  of  an  analysis  to  illustrate  the  role  that 
the  edge  and  basal  plane  sites  play  on  the  electrochemical 
behavior  of  flake-like  natural  graphite.  In  this  analysis,  the 
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electrochemical  reaction  involving  the  decomposition  of 
the  nonaqueous  electrolyte  during  the  initial  charge  (inter¬ 
calation)  of  carbon,  which  is  associated  with  the  ICL,  is 
investigated. 


2.  Experimental  details 


Five  samples  of  flake-like  natural  graphite  powders  were 
obtained  from  a  commercial  source.  These  samples  have 
average  dimensions  of  2,  12,  20,  30  and  40  pm  in  the 
direction  parallel  to  the  basal  plane,  and  it  is  these  dimen¬ 
sions  that  are  referred  to  as  the  average  particle  size. 
Scanning  electron  microscopy  (SEM,  Hitachi)  was 
employed  to  determine  the  morphology  and  dimensions 
of  the  edge  and  basal  plane.  X-ray  diffraction  (XRD) 
analysis  (Siemens  D500  Diffractometer)  was  used  to  deter¬ 
mine  the  c/0  o  2  spacing  and  the  crystallite  size,  Lc.  The 
crystallite  dimension,  La,  was  obtained  from  Raman  spectro¬ 
scopy  (argon-ion  laser,  Coherent  Inc.  Model  Innova  70, 
tuned  to  514.5  nm)  by  using  the  method  of  Tuinstra  and 
Koenig  [12],  i.e.  L.d  =  44/ (/1372//1576),  where  /1372  and  /1576 


are  the  integrated  intensities  of  the  Raman  peaks  at  1372  and 
1576  cm-1,  respectively.  The  Brunauer-Emmet-Teller 
(BET)  surface  area  was  measured  with  a  Quantachrome 
Autosorb  automated  gas  sorption  system  using  N2  gas. 

Examples  of  the  morphology  of  the  natural  graphite  are 
shown  in  the  SEM  micrographs  in  Fig.  1 .  These  micrographs 
illustrate  the  structure  that  is  typical  of  the  natural  graphite 
flakes  used  in  this  study.  It  is  apparent  that  a  distribution  of 
particle  sizes  is  present  in  the  sample,  and  the  graphite 
particles  consist  predominantly  of  prismatic  platelets  with 
well-defined  basal  plan  and  edge  dimensions.  The  edge 
thickness  of  the  graphite  particles  was  obtained  from  mea¬ 
surements  of  SEM  micrographs  of  the  graphite  particles 
such  as  the  ones  in  Fig.  1. 

Electrochemical  measurements  of  the  charge/discharge  of 
the  natural  graphite  were  conducted  in  an  electrolyte  con¬ 
taining  1  M  LiCICU  in  1 : 1  (volume  ratio)  ethylene  carbonate 
(EC)-dimethyl  carbonate  (DMC)  (Tomiyama  Pure  Chemical 
Industries  Ltd.).  The  working  electrode  was  fabricated  from 
a  mixture  of  the  natural  graphite  and  poly(vinylidene) 
fluoride  (PVDF)  dissolved  in  l-methyl-2-pyrrolidinone 
(NMP).  The  slurry  was  spread  onto  a  copper  grid  and  dried 
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Fig.  1.  SEM  micrographs  of  natural  graphite.  Particle  size:  (a)  20  pm;  (b)  40  pm. 
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under  vacuum  at  95°C  for  24  h.  The  working  electrodes  were 
evaluated  in  a  three-electrode  cell  that  contained  metallic  Li 
as  both  counter  and  reference  electrodes.  The  cells  were 
assembled  in  a  glove  box  under  an  Ar  atmosphere  containing 
less  than  5  ppm  humidity.  The  natural  graphite  samples  were 
cycled  at  a  C/24  rate  between  2.5  and  0  V  versus  Li/Li+  with 
a  MacPile  II  (Bio  Logic,  France). 


3.  Discussion  of  results 

3.1.  Analysis  of  prismatic  graphite  structures 

A  model  of  an  ideal  graphite  particle  (see  Fig.  2)  was  used 
to  develop  an  understanding  of  the  correlation  of  the  fraction 
of  edge  sites  and  particle  morphology.  Two  morphologies 
are  represented  in  Fig.  2,  flake-like  and  cube  structure.  Each 
of  the  particles  is  depicted  as  a  collection  of  small  prismatic 
crystallites  that  are  arranged  in  a  regular  geometric  pattern  to 
form  the  desired  model  structure.  The  crystallites  are 
arranged  so  that  the  particle  consists  of  four  edge  and 
two  basal  plane  surfaces.  The  relative  fraction  of  carbon 
atoms  at  ende  and  basal  plane  sites  was  calculated  to  better 
understand  their  role  in  the  electrochemical  performance  in 
negative  electrodes  for  Li-ion  batteries.  This  analysis  uti¬ 
lized  the  equations  reported  by  Fujimoto  et  al.  [13,14]  to 
calculate  the  number  of  carbon  atoms  in  a  crystallite  and  the 
particles.  They  derived  a  correlation  between  the  size  of  the 
graphite  crystallites  and  the  crystallographic  parameters,  La, 
Lc«  do  02  and  d i  0  o-  The  application  of  their  correlation  to 
our  model  of  a  graphite  particle  is  described  by  Zaghib  et  al. 
[15].  The  model  graphite  particle  depicted  in  Fig.  2  consists 
of  cubic  crystallites  that  are  arranged  in  a  close-packed 
structure.  In  this  model,  edge  atoms  are  present  on  the  basal 
plane  surface  at  intersections  of  adjoining  crystallites.  The 
graphite  particle  is  assumed  to  have  a  regular  prismatic 


structure  with  two  adjustable  parameters,  the  length  of  the 
basal  plane  ( B )  and  the  thickness  of  the  edge  plane  (7).  In  the 
case  where  B  >  T,  the  prismatic  structure  resembles  the 
flake-like  graphite  structure,  and  when  B  =  T,  the  prismatic 
structure  is  a  cube.  One  limiting  case  is  when  La  §>  d\  oo  and 
Lc  ^  dooh  which  is  reasonable  for  natural  graphite.  In  this 
situation,  the  surface  fraction  of  edge  atoms  (fe)  is  given  by 

,  _  2B/L.d  +  T/doo2 
2B/d\oo  +  T/doo2 

It  is  evident  from  Eq.  (1)  that/e  is  a  function  of  crystal¬ 
lographic  parameters,  do  o  2  and  La,  that  are  characteristic  of 
the  edge  and  basal  plane  dimensions,  respectively.  An 
increase  in  La  is  associated  with  an  increase  in  the  dimension 
of  the  basal  plane.  An  expansion  in  do  02  results  in  a  lower 
number  of  carbon  atoms  per  unit  area  of  the  edge  plane  sites. 

The  fraction  of  edge  surface  sites  can  also  be  simply 
determined  from  the  dimensions  of  the  flake-like  structure. 
In  this  case  the  fraction  of  edge  sites  is  given  by 


fe 


2  T 

B  +  2T 


(2) 


However,  this  relationship  does  not  take  into  account  the  fact 
that  the  geometric  arrangement  of  the  carbon  atoms  on  the 
edge  and  basal  plane  surfaces  are  different.  The  carbon 
atoms  at  the  termination  of  the  edge  planes  are  separated 
by  a  much  larger  distance  (e.g.  3.354  A  in  graphite)  than  the 
atoms  in  the  basal  plane  (in-plane  C-C  distance  is  2.461  A). 
Thus,  /e  is  much  lower  than  fe  when  this  fact  is  taken  into 
account,  as  opposed  to  the  situation  where  only  the  geo¬ 
metric  distances  are  considered.  In  the  following  analysis, /e 
determined  by  Eq.  (1)  will  be  used.  The  surface  area  of  the 
model  graphite  particle,  S  (m2/g),  is  computed  from  the 
geometric  dimensions 


5  = 


2(B  +  27) 
pBT 


(3) 


Fig.  2.  Model  structures  for  prismatic  graphite  particles  and  crystallite. 
Shaded  area  represents  edge  sites.  B  is  the  length  of  basal  plane  and  T  is 
the  thickness  of  the  edge  plane. 


where  p  is  the  density.  This  value  can  be  compared  to  the 
BET  surface  area,  SBET,  which  considers  adsorption  on 
essentially  a  smooth  surface. 

The  two-dimensional  prismatic  flake-like  structure  with 
B  >  T,  and  the  three-dimensional  cube  structure  with 
B  =  7,  are  representative  of  the  particle  morphology  that 
resembles  the  flake-like  natural  graphite  and  MCMB, 
respectively.  Eq.  (1)  was  used  to  analyze  the  change  in 
the  fraction  of  edge  sizes  for  the  flake-like  structure  as  a 
function  of  its  particle  size  (B).  For  this  analysis,  it  is 
assumed  that  Ld  =  Lc  =  100  A,  do 02  =  3.36  A  and 
p  =  2.25  g/cm3.  The  change  in/e  as  a  function  of  particle 
size  is  plotted  in  Fig.  3  for  the  flake-like  structures  with  edge 
thickness  (7)  of  0.2,  1  and  2  pm.  It  is  apparent  that  the 
thicker  flake  structure  has  a  higher /e  than  that  of  a  thinner 
flake.  Furthermore,  /e  gradually  decreases  with  an  increase 
in  B.  The  value  of/e  for  the  different  flakes  diminishes  as  B 
becomes  larger  because  the  basal  plane  area  dominates, 
B  >  7,  and  the  area  of  the  edge  sites  becomes  very  small. 
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flake  vs.  cube 


Particle  size  (micron) 

Fig.  3.  Change  in/e  as  a  function  of  particle  size  of  flake-like  structure:  T  —  0.2,  1  and  2  pm. 


For  the  cube  structure  with  B  =  T,  /e  is  a  constant 
(fe  =  0.286),  independent  of  particle  size  because  both  B 
and  T  change  in  the  same  manner.  The  changes  in  surface 
area  of  the  flake-like  and  cube-like  structures  are  presented 
in  Fig.  4.  As  expected,  the  flake  and  cube  structures  with  the 
smallest  dimensions  have  the  highest  surface  area.  The 
surface  area  of  the  flake-like  structure  with  T  =  0.2  pm  is 
considerable  greater  than  those  of  the  other  flake  and  cube 
structures  (1999  lists  numerous  examples). 

3.2.  Comparison  of  model  structure  and  flake-like 
natural  graphite 

The  series  of  natural  graphite  samples  used  in  the  present 
study  provides  a  range  of  particle  sizes  of  prismatic  geometry 


from  which  the  edge-site  concentration  is  estimated.  The 
physical  properties  of  the  natural  graphite  particles  are 
reported  elsewhere  [13].  In  brief,  the  BET  surface  area 
decreased  from  12.1  to  2.3  m2/g  with  an  increase  in  the 
average  particle  size  from  2  to  40  pm.  The  corresponding 
thickness  of  the  edge  planes  increased  from  0.21  to  2.85  pm 
with  an  increase  in  the  particle  size.  The  results  obtained 
from  Raman  spectroscopy  indicate  La  is  in  the  range  from 
110  to  183  A.  X-ray  diffraction  analysis  showed  that  the 
do  o  2  spacing  is  3.36  A,  and  Lc  ranges  from  54  to  80  A. 
Typically,  natural  graphite  has  crystallite  dimension  Lc  that 
are  considerably  higher  (i.e.  about  1000  A)  that  those 
reported  here.  However,  graphites  with  do  o  2  spacing  near 
3.36  A  are  available  with  much  lower  Lc.  For  instance,  US 
Patent  5,882,818  (issued  16  March,  1999)  lists  numerous 


Particle  size  (micron) 


Fig.  4.  Change  in/e  as  a  function  of  particle  size  of  flake-like  structure  with  T  =  0.2,  1  and  2  pm  and  cube-like  structure. 
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examples  of  graphites  with  similar  cfo  o  2  spacing  that  have 
Lc  <  200  A.  It  is  these  types  of  natural  graphite  that  were 
used  in  our  study. 

The  electrochemical  results  for  the  first  cycle  intercalation 
and  deintercalation  of  Li  in  natural  graphite  particles  were 
compared  to  the  theoretical  predictions  obtained  for  the 
flake-like  and  cube  structures.  For  the  model  structures, 
we  assume  that  the  total  irreversible  capacity  loss  (1CL,) 
consists  of  contributions  from  the  basal  plane  (ICLb)  and 


edge  sites  (ICLe),  i.e. 

ICLt  =  ICLb  +  ICLe  (4) 

The  ICL  of  the  surface  sites  i  (i  =  edge  sites  or  basal  plane 
sites),  expressed  in  mAh/g,  is  given  by 

ICL,-  =  k,S,  (5) 

and  it  follows  that 

ICLe  =  keSe  (6) 

ICLb  =  khSb  (7) 


where  ke  and  kb  are  constants  that  are  a  function  of  the 
reactivity  of  the  surface  site  for  electrolyte  decomposition. 
The  surface  area  associated  with  the  edge  and  basal  planes 
sites  is  estimated  by  use  of  Eqs.  (1)  and  (3).  The  surface  area 
of  edge  and  basal  plane  sites  are  given  by 


Co 

II 

Co 

(8) 

and 

co 

1 

II 

CO 

(9) 

respectively.  The  contributions  from  the  basal  plane  and 
edge  sites  to  ICLt  are  derived  from  the  results  reported  by 
Chung  et  al.  [7].  They  determined  the  irreversible  capacity 


loss  on  a  variety  of  carbons  (e.g.  natural  and  artificial 
graphite,  mesocarbon  microbeads,  carbon  fibers),  from 
which  the  irreversible  capacity  loss  per  surface  area  on 
the  basal  plane  (gb)  and  edge  ( qe )  sites  were  estimated, 
i.e.  qb  =  5.5  mAh/m2  and  qe  >  35  mAh/m2  for  flaky  gra¬ 
phite.  Therefore,  the  analysis  of  the  role  of  surface  sites  on 
electrolyte  decomposition  should  account  for  the  catalytic 
activity  of  the  basal  plane  as  well  as  the  edge  sites.  From  the 
values  reported  by  Chung  et  al.,  the  irreversible  capacity  loss 
per  surface  area  of  edge  sites  is  7.4  times  greater  than  that  on 
the  basal  plane  ( ke  =  7 ,4kb).  This  result  allowed  us  to 
calculate  the  contribution  of  the  two  types  of  surface  sites 
to  the  total  irreversible  capacity  loss. 

The  ICL  that  was  calculated  for  the  model  structures  and 
the  experimental  data  obtained  for  natural  graphite  is  plotted 
in  Fig.  5  as  a  function  of  surface  area.  The  surface  area  of  the 
model  structures  was  determined  with  the  use  of  Eq.  (3),  and 
the  BET  surface  area  is  used  for  the  natural  graphite 
samples.  With  the  exception  of  the  calculated  ICL  values 
for  small  particle  size  (B  <  5  pm),  the  trend  line  shows  a 
linear  relationship  between  ICL  and  surface  area.  This 
relationship  is  commonly  observed  for  carbon  in  the  nega¬ 
tive  electrode  of  Li-ion  batteries  [1—9] .  Closer  inspection  of 
the  results  in  Fig.  5  indicates  that  differences  exist  in  the 
slope  of  the  data  for  the  different  flake  and  cube  structures, 
indicating  the  contribution  of  the  relative  fraction  of  edge 
and  basal  plane  sites  on  the  total  ICL.  The  2  pm  flake  has  a 
proportionally  higher  fraction  of  edge  sites  than  the  other 
flake-like  structures,  and  consequently  its  change  in  ICL 
with  surface  area  is  much  greater. 

The  calculated  ICL  for  the  flake-like  and  cube  structures 
are  plotted  in  Fig.  6  as  a  function  of  the  particle  size,  along 
with  the  experimental  results  obtained  with  natural  graphite. 
The  ICL  for  the  0.2  pm  flake  particles  is  considerable  greater 


Fig.  5.  Influence  of  particle  size  on  ICL.  Calculated  values  for  flake-like  and  cube  structures  and  experimental  results  obtained  with  natural  graphite  (NG). 
Line  shows  the  trend  of  experimental  data. 
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Fig.  6.  Relationship  between  ICL  and  surface  area  for  model  particle  structures  and  natural  graphite.  Line  shows  trend  of  the  data. 


than  the  corresponding  values  for  the  larger  flake  particles 
and  cube  structure.  This  difference  is  a  consequence  of  the 
much  higher  surface  area  of  the  thinner  flakes  (see  Fig.  4), 
because  the  relative  fraction  of  edge  sites  is  less  than  that  of 
the  larger  particles  (see  Fig.  3).  On  the  other  hand,  the  cube 
structure  shows  a  smaller  ICL  than  the  flake-like  structures 
even  though  the  fraction  of  edge  sites  is  much  larger  for 
particle  sizes  of  about  5  pm  or  greater.  In  this  case,  the 
surface  area  of  the  cube  structure  for  a  given  particle  size  is 
less  than  that  for  the  flake-like  structure.  These  results 
suggest  that  the  basal  plane  surface  can  contribute  signifi¬ 
cantly  to  the  total  ICL.  The  experimental  results  obtained 
with  natural  graphite  are  also  plotted  in  Fig.  6.  Because  the 
physical  properties  of  these  natural  graphite  samples  are  not 
constant  (i.e.  T  and  La  vary  with  B,  particle  morphology  is 
not  an  ideal  flake-like  structure),  the  ICL  does  not  agree  very 
well  with  the  calculated  values  for  the  model  flake-like 
structure.  However,  the  trend  of  the  experimental  data 
appears  to  fall  between  the  results  for  the  0.2  and  1  pm 
flakes. 

The  first  cycle  coulomb  efficiency  (CE)  for  intercalation/ 
de-intercalation  of  Li+  ions  in  carbon  electrodes  is  given  by 


CE  = 


RC 

RC  +  ICL, 


(10) 


where  RC  is  the  reversible  capacity  for  Li  intercalation,  and 
it  is  assumed  to  be  equal  to  372  mAh/g.  The  coulomb 
efficiency  calculated  from  Eq.  (5)  for  the  flake-like  and 
cube  structures  are  plotted  in  Fig.  6  as  a  function  of  particle 
size,  A  high  CE  (>0.97)  is  obtained  with  the  2  and  1  pm 
flake-like  particles  and  the  cube  structure  when  the  rever¬ 
sible  capacity  is  high,  for  example,  equivalent  to  372  mAh/g. 
The  cube  structure  shows  the  highest  CE  because  of  its  low 
ICL,  and  the  small  flake-like  structure  has  the  highest  CE, 
consistent  with  the  high  ICL.  The  experimental  results 
obtained  with  the  natural  graphite  are  also  plotted  in 


Fig.  7.  The  trend  of  the  data,  which  is  indicated  by  the 
solid  line,  shows  that  the  natural  graphite  has  CE  slightly 
higher  than  the  0.2  pm  flake  structure. 

Based  on  the  analysis  described  in  this  paper,  we  conclude 
that  the  surface  area  associated  with  the  edge  sites,  and  not 
the  total  BET  surface  area,  has  the  dominant  influence  on  the 
irreversible  capacity  loss  and  coulomb  efficiency  of  carbons 
for  Li-ion  batteries.  The  crystallite  parameters,  La  and  Lc, 
and  the  dQ  0  2  spacing  change  with  heat  treatment  of  gra- 
phitizable  carbons.  The  crystallite  parameters  increase,  and 
the  <70  0  2  spacing  decreases,  with  increasing  heat-treatment 
temperature.  Furthermore,  the  change  in  these  parameters 
with  heat  treatment  will  vary  with  the  carbon  precursor.  The 
increase  in  Lc  and  decrease  in  d{)  (l  2  spacing  will  also  reduce 
the  relative  amount  of  edge  sites  present  in  graphitizable 
carbons.  Consequently,  heat  treatment  is  a  viable  option  for 
controlling  the  physical  properties  of  graphitizable  carbons 
and  their  ICL  in  Li-ion  batteries. 


Fig.  7.  Influence  of  particle  size  on  coulomb  efficiency.  Calculated  values 
for  flake-like  and  cube  structures  and  experimental  results  obtained  with 
natural  graphite  (NG).  Line  shows  the  trend  of  experimental  data. 
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4.  Concluding  remarks 

The  simple  analysis  presented  here  suggests  that  the 
particle  morphology  and  the  relative  fraction  of  edge  and 
basal  plane  sites  play  a  significant  role  in  the  electroche¬ 
mical  performance  of  graphite  in  Li-ion  batteries.  In  the  case 
of  flake-like  graphite,  thin  flakes  have  higher  surface  area 
and  consequently  higher  ICL.  Despite  the  fact  that  thin 
flakes  have  a  large  fraction  of  basal  plane  sites,  their  con¬ 
tribution  to  the  ICL  is  still  significant.  On  the  other  hand,  the 
cube  structure  has  a  high  fraction  of  edge  sites  but  a  low  ICL. 
This  behavior  is  due  to  the  low  surface  area  of  the  cube 
structure.  Based  on  the  analysis  of  the  two  different  pris¬ 
matic  structures,  flake-like  versus  cube,  the  latter  particle 
morphology  appears  to  offer  an  advantage  in  electrochemi¬ 
cal  performance.  That  is,  the  cube  structure  has  a  lower  ICL 
and  higher  CE  than  flake-like  particles  of  comparable  size. 
Although  no  evidence  is  presented,  with  the  morphology  of 
the  cube  structure  as  presented  here,  the  high  fraction  of 
edge  sites  </e  =  0.286)  should  be  beneficial  for  obtaining 
high  rates  of  Li + -ion  intercalation/de-intercalation.  Thus, 
three-dimensional  graphite  particles  such  as  a  cube  structure 
are  well-suited  for  high-rate  applications  in  Li-ion  batteries. 
In  this  regard,  MCMBs  which  are  most  closely  comparable 
to  three-dimensional  graphite  particles  show  promise  for 
high-rate  applications  [16,17]. 
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